Background/Aims: This study investigated the effect of silencing TOB1 (Transducer of ERBB2, 1) expression in bone marrow-derived mesenchymal stem cells (MSCs) on MSC-facilitated tendon-bone healing in a rat supraspinatus repair model. Methods: Rat MSCs were transduced with a recombinant lentivirus encoding short hairpin RNA (shRNA) against TOB1. MSC cell proliferation was analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. The effect of MSCs with TOB1 deficiency on tendon-bone healing in a rat rotator cuff repair model was evaluated by biomechanical testing, histological analysis and collagen type I and II gene expression. An upstream regulator (miR-218) of TOB1 was determined in MSCs. Results: We found that knockdown of TOB1 significantly increased the proliferative activity of rat MSCs in vitro. When MSCs with TOB1 deficiency were injected into injured rat supraspinatus tendon-bone junctions, the effect on tendon-bone healing was enhanced compared to treatment with control MSCs with normal TOB1 expression, as evidenced by elevated levels of ultimate load to failure and stiffness, increased amount of fibrocartilage and augmented expression of collagen type I and type II genes. In addition, we found that the TOB1 3′ untranslated region is a direct target of miR-218. Similar to the effect of TOB1 deficiency, overexpression of miR-218 effectively promoted tendon-bone healing in rat. Conclusion: These results suggest that TOB1 may play a negative role in the effect of MSCs on tendon-bone healing, and imply that expression of TOB1 may be regulated by miR-218.
Introduction
Tendon-bone junction injuries are common in both the workplace and in sports. Rotator cuff tendon-to-bone healing occurs by formation of a scar tissue interface after repair, which makes it prone to failure [1] . Currently, surgical treatment of rotator cuff defects is one of the most common orthopedic surgeries in the United States, with over 250,000 repairs performed each year [2, 3] . However, as many as 94% of rotator cuff tendons fail to heal back to the bone after repair [4, 5] . Given the relatively high failure rate of surgical repair, there is a strong need for new repair strategies to improve rotator cuff tendon-bone healing.
Bone marrow-derived mesenchymal stem cells (MSCs) are multipotent adult stem cells that are capable of differentiating into multiple cell types including osteoblasts, chondrocytes and adipocytes in vitro [6] . Several animal model-based studies have found that these cells are transplanted to the injured sites and have the potential to augment the regeneration of bone, cartilage, muscle, ligament, and tendon in vivo [7] [8] [9] [10] , which makes MSCs an ideal tool for engineered tissue repair and cell therapy in different disease types.
TOB1 (transducer of ERBB2, 1) is a member of the TOB/B-cell translocation gene (BTG) family, which includes the proteins TOB2, BTG1, PC3/TIS21/BTG2, ANA/BTG3 and PC3/ PC3K [11] . Overexpression of TOB/BTG family proteins can inhibit cell cycle progression in several cell types [12] . TOB1 has been implicated in diverse biological activities such as dorsal development of embryos and T cell activation [13] [14] [15] . It is well known that bone morphogenetic protein (BMP)/Sma and mad related family (Smad) signaling can effectively improve osteoblast differentiation and tendon-bone healing [16] [17] [18] . TOB1 is a negative regulator of BMP/Smad signaling and negatively regulates osteoblast proliferation and differentiation by suppressing the activity of receptor-regulated Smad proteins [19] . Therefore, we hypothesized that TOB1 also negatively regulates tendon-bone healing.
In the present study, we determined if transplantation of MSCs with TOB1 deficiency improved tendon-bone healing after rotator cuff injury. Considering that little is known about upstream regulators of TOB1, we further investigated if miR-218, a potent osteo-miR expressed in MSCs, could regulate TOB1 expression and affect tendon-bone healing.
Material and Methods

Isolation and Culture of MSCs
MSCs were isolated from the tibia and femur of 12 week old healthy male Sprague-Dawley rats (purchased from the Experimental Animal Department of Shanghai Medical College of Fudan University) as previously described [20] . Briefly, after euthanasia, the hind limbs were aseptically removed and the tibia and femur were dissected free of soft tissues. Bone marrow was flushed from the dissected bones with complete medium consisting of Dulbecco's modified Eagle's medium (DMEM), 1% penicillin/streptomycin and 10% fetal bovine serum (Gibco, Carlsbad, CA, USA). The cells were seeded in 10-cm dishes in a humidified 5% CO 2 atmosphere at 37°C. The medium was replaced every 2 -3 days and non-adherent cells were removed. Cells at passage 3-5 were used for experiments.
Lentivirus infection
Lentivirus was generated by co-transfection of lentiviral vectors encoding the TOB1 silencing sequence or miR-218 precursor with two other plasmids coding for the lentiviral envelope (pCMV-VSV-G) and packaging proteins (pCMV delta R8.2) into 293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The lentiviral vectors encoding miR-218 and shRNA for TOB1 were purchased from Hanbio (Shanghai, China). MSCs were transduced with lentiviral supernatants containing the above vectors according to the manufacturer protocols. After 72 h, transduction efficiency was monitored by real-time PCR or by western blotting for the transduced targets.
miRNA transfection
MSCs were transfected with miR-218 mimic, miR-218 inhibitor or scramble sequence as a negative control (Ruibo, Guangdong, China) using siPORT NeoFX transfection reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer protocols. After 48 h of transfection, cells were harvested for further analysis.
Rotator Cuff Repair Model of Rat
All animal experiments were undertaken in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, with the approval of the Scientific Investigation Board of Second Military Medical University, Shanghai, China. Male Sprague-Dawley rats (12 weeks old, n = 72) were used in this study. The surgical procedure consisted of detachment and repair of the supraspinatus tendon as described previously [21] . Briefly, the deltoid was split and the supraspinatus was detached from its footprint. A 0.5 mm bone tunnel was drilled anterior to posterior through the greater tuberosity. The supraspinatus tendon was sharply detached from its insertion in the greater tuberosity. Sutures in the tendon were then passed through the tunnels using a modified Mason-Allen technique. Before tying the sutures to complete the repair, the rats were randomly assigned into groups of 18 rats, each of which received one of three different treatments at the interface between tendon and bone: fibrin glue carrier plus MSCs (2 × 10 6 cells), fibrin glue carrier plus shRNA-TOB1-transduced MSCs, or fibrin glue carrier plus miR-218-transduced MSCs. The model group without insertion of MSCs was used as the control group. Animals were sacrificed at 4 and 8 weeks, and the tissues were analyzed using histologic and biomechanical testing.
Biomechanical testing
Three animals per group were euthanized at 4 and 8 weeks for biomechanical testing as previously described [22] . Briefly, each specimen was preloaded to 0.1 N, then loaded to failure at a rate of 14 mm/s, corresponding to approximately 0.4% strain. The ultimate load to failure and the failure site were recorded. Stiffness was calculated by determining the slope of the linear portion of the load-displacement curve.
Histological analysis
Three animals per group were euthanized at 4 and 8 weeks for histologic examination as previously described [1] . In brief, specimens were fixed in 10% formalin, decalcified with Immunocal, and embedded in paraffin. Sections were cut at 5 μm thickness in the coronal plane through the repaired tendon-bone interface. The slides were then stained with hematoxylin and eosin (H&E) for observation by light microscopy.
Real-Time PCR
Total RNA was isolated from cells or tendon tissues with the use of TRIzol reagent (Invitrogen) and then quantified using a NanoDrop Spectophotometer (Thermo Scientific, DE, USA). For microRNA detection, reverse transcription of RNA was performed with specific RT primers. For determination of mRNA expression level, complementary DNAs (cDNAs) were synthesized using a PrimeScript RT reagent kit (TaKaRa, Dalian, China). Real-time PCR reactions were performed using the SYBR Premix Ex Taq II kit (TaKaRa) and detected on the ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA served as internal normalized references for quantitation of mRNA and miRNAs, respectively.
MTT assay
Cell proliferation was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT) assays as described previously [23] . In brief, 72 h after infection, cells were trypsinized and resuspended in DMEM (1 × 10 6 cells/mL). The cells were seeded into 96-well plates in 100 μL total volume per well in triplicate. After 24, 48 and 72 h incubation, the cells were stained with 20 μL MTT dye (5 g/L) for 4 h. The absorbance at 490 nm of each well was measured using a microplate reader.
Luciferase Assay and constructs
The 3′-untranslated region (UTR) of TOB1 was amplified by PCR from total rat cDNA and subcloned into the pGL3 control vector (Promega, Fitchburg, WI, USA). The corresponding mutant constructs were created by mutating the seed region of the miR-218 binding site using overlap extension PCR. HEK293T cells were transfected with 100 ng of pGL3 vectors, 100 nM of either miR-218 mimic or a scrambled sequence, and 1 ng of Renilla luciferase pRL-TK vector (Promega) using Lipofectamine 2000 (Invitrogen). After 48 h of transfection, luciferase assays were performed using the dual luciferase assay system (Promega) according to the manufacturer's protocol. Renilla luciferase was used for normalization.
Results
Knockdown of TOB1 increases the proliferative activity of rat MSCs in vitro
To investigate the role of TOB1 in tendon-bone healing, a recombinant lentiviral vector, encoding shRNA against TOB1 was constructed and used to infect MSCs. After 72 h, TOB1 expression was examined by western blotting. As shown in Fig. 1A , shRNA-TOB1 virus, but not the control virus, efficiently reduced the expression of TOB1 protein in MSCs. Subsequently, cell viability was determined by MTT assay. We found that knockdown of TOB1 significantly increased the proliferative activity of MSCs on the second and third days (Fig. 1B) . These results suggest that loss of TOB1 has no obvious detrimental effect on cell viability.
Knockdown of TOB1 enhances the effect of MSCs on tendon-bone healing in a rat rotator cuff repair model
To investigate if knockdown of TOB1 could enhance the effect of MSCs on tendon-bone healing in vivo, Sprague-Dawley rats underwent detachment and repair of the supraspinatus tendon. A group of 18 rats received MSCs in a fibrin glue carrier, and another 18 rats received shRNA-TOB1-transduced MSCs. Three animals per group were euthanized at 4 weeks and 8 weeks for biomechanical testing. As shown in Fig. 2A, at 4 weeks the shRNA-TOB1 group exhibited significantly higher ultimate load to failure compared to the MSC or the control group. The ultimate load of the MSC group was higher than that of the control group. However, there were no differences at 4 weeks among the three groups in terms of stiffness (Fig. 2B) . At 8 weeks, the ultimate load to failure was greater in the shRNA-TOB1 group compared to the MSC or control group. The maximum load of the MSC group was higher than that of the control group. The stiffness of the shRNA-TOB1 group was significantly higher than that of the MSC or control group. There was also an increase in stiffness in the MSC group compared to the control group.
We then carried out H&E staining of the control group, MSCs group and shRNA-TOB1 group at 4 and 8 weeks, after surgery. At 4 weeks after surgery, the control group specimens showed a loose fibrovascular interface between tendon and bone consisting mainly of fibroblasts (Fig. 3A) . No cartilage or collagen fibers were observed in the zone. In the MSCs group and shRNA-TOB1 group, the interface was narrower, and small numbers of cartilage-like cells were visible at the tendon-bone junction ( Fig. 3B and 3C ). However, there are no significant differences at 4 weeks between the MSCs group and shRNA-TOB1 group. At 8 weeks after surgery, sparse and unorderly collagen fibers were observed in the control group (Fig. 3D) . In the MSCs group, there was more perpendicular collagen fibers resembling Sharpey's fibers compared to the control group. Small numbers of chondrocytes were aslo observed at the interface between tendon and bone in the MSCs group at 8 weeks (Fig. 3E) . Furthermore, more chondrocytes and fibrocartilage were observed at the tendonbone interface in the shRNA-TOB1 group compared to the MSCs group (Fig. 3F) . The zone of chondrocytes appeared more organized in the shRNA-TOB1 group. Our results showed that MSCs/shRNA-TOB1 treatment had greater potential to improve tendon-bone healing compared with MSCs treatment.
Collagen type I is a primary component of tendon and bone, and collagen type II is a marker of proliferative chondrocytes. We determined gene expression of both collagen type I and II at the injured tendon-bone junction by real-time PCR. As shown in Fig. 4 , at 4 weeks the expression level of collagen type I mRNA was significantly upregulated by treatment with MSCs. Moreover, collagen type I mRNA expression was further enhanced in tendons of the shRNA-TOB1 group compared to tendons in the MSCs group (Fig. 4A ). There were no significant differences at 4 weeks among the three groups in the expression of collagen type II (Fig. 4B) . However, at 8 weeks, expression of both collagen type I and II mRNA in the MSCs group was significantly stronger compared to the control group, and was further increased in the shRNA-TOB1 group compared with the MSCs group. Taken together, these . It has been shown that miR-218 is upregulated during osteoblast differentiation and is a potent osteo-miR expressed in MSCs [24] . To determine whether the putative site could indeed be targeted by miR-218, we cloned TOB1 3′UTR sequence downstream of luciferase cDNA to obtain a TOB1 3′UTR reporter construct (Fig. 5A) . The corresponding mutant constructs were created by mutating the seed region of the miR-218 binding site. Luciferase reporter assays showed that after transfecting the TOB1 3′UTR reporter construct in the presence of miR-218, relative luciferase activity was significantly reduced (Fig. 5B) . Furthermore, TOB1 protein was significantly downregulated by miR-218 mimic and upregulated by miR-218 inhibitor. These results suggested that TOB1 is a direct target of miR-218.
miR-218 promotes tendon-bone healing in rat
To explore whether miR-218 has functional effects on tendon-bone healing, we stably infected MSCs with lentivirus containing miR-218. The highly upregulated expression of miR-218 was confirmed by real-time PCR (Fig. 6A) . The TOB1 protein level was significantly downregulated by overexpression of miR-218 (Fig. 6B) . Then, before tying the sutures to complete the repair of supraspinatus tendon, the rats were randomly assigned to receive MSCs or MSCs/miR-218 treatment. An untreated group without insertion of MSCs was used as the control group. The animals were sacrificed for biomechanical and histological studies 8 weeks after surgery. As shown in Fig. 6C and 6D , overexpression of miR-218 effectively improved tendon-bone healing, as evidenced by elevated levels of ultimate load to failure and stiffness, a greater number of chondrocytes and increased amount of fibrocartilage at 8 weeks. Taken together, our results indicated that miR-218 promotes tendon-bone healing in rats. 
Discussion
The scar tissue between transplanted tendon and bone is mechanically weaker than native tissue, and probably accounts for the high failure rate of rotator cuff repair [4] . Therefore, there is an urgent need for new repair strategies to improve rotator cuff tendonbone healing. Recently, MSC-based biologic therapies have offered a potential way to improve rotator cuff repair. In the present study, we demonstrated that TOB1 deficiency improved the effect of MSCs on tendon-bone healing in a rotator cuff repair rat model, and showed that miR-218 was an upstream regulator of TOB1 and was involved in the process of tendon-bone healing.
MSCs are able to differentiate into multiple cell lineages and provide the potential for regenerating damaged tissues. Several studies have reported that MSC-based gene therapy enhanced tendon-bone repair at damaged sites. Lawrence et al. [4, 21] showed that MSCs transduced with adenoviral-mediated scleraxis improved regeneration at the tendon-bone insertion site in a rat rotator cuff repair model. Mesenchymal stem cells genetically modified to overexpress the developmental gene membrane type 1-matrix metalloproteinase also augmented rotator cuff healing at 4 weeks as shown by the presence of more fibrocartilage at the insertion site and improved biomechanical strength. Dong et al. [23] found that MSCs genetically modified to overexpress BMP-2 improved tendon-bone healing in anterior cruciate ligament reconstructions. Tian et al. [25] reported that MSCs significantly elevated the levels of ultimate load to failure, stiffness and stress in the Achilles tendons of rats, the effects of which were enhanced by chemokine (C-X-C motif) ligand 13. These strategies may provide some potential methods for improving tendon-bone healing.
BMP/Smad signaling plays a vital role in tendon-bone healing. Yu et al. [16] established an extra-articular patellar tendon-bone healing ovine model and examined the expression of BMPs and their downstream Smad signal transduction factors during tendon-bone healing. They found that BMP-2, BMP-7, Smad1, Smad4, and Smad5 were elevated at the tendon-bone interface during healing. It is well known that BMP also controls osteoblast proliferation and differentiation through Smad proteins. TOB1 is a negative regulator of BMP/Smad signaling and TOB1 deficiency efficiently induced osteogenic activity in vivo [14] . We hypothesized that MSCs with TOB1 deficiency might significantly promote tendon-bone healing. Our study found that knockdown of TOB1 enhanced the proliferative activity of MSCs, which is consistent with results in mouse embryonic stem cells [26] . However, a recent study found that TOB1 knockdown inhibited growth of estrogen-independent estrogen receptor positive breast cancer cells [27] . The reported variability in TOB1 function may be due to distinctive regulation of survival and cell cycle signaling in different cell types. In addition, in vivo experiments confirmed a significant improvement in tendon-to-bone healing when damaged interfaces were treated with MSCs with TOB1 deficiency compared to treatment with MSCs alone. Knockdown of TOB1 resulted in increased ultimate load to failure at 4 and 8 weeks, as well as greater stiffness at 8 weeks. More fibrocartilage was found in the TOB1 deficiency group compared to the MSCs and control groups at 8 weeks. These findings correlated with enhanced gene expression of collagen type I and II in the TOB1 deficiency group at 8 weeks.
miRNAs are a group of endogenous small noncoding RNAs (21-24 nucleotides) which control key components of osteogenic pathways by targeting the 3′UTRs of mRNAs [28] [29] [30] . We hypothesized that miRNAs may also be important regulators of TOB1. Here, we demonstrated that miR-218 could repress TOB1 expression in vitro by hybridization with TOB1 3′UTR. It was previously reported that miR-218, which is highly expressed in osteoblasts, promotes stem cell osteogenic differentiation [31, 32] . However, little is known about the role of miR-218 in tendon healing. In the present study, we found that overexpression of miR-218 effectively promoted tendon-bone healing in a rat model, similar to the effect of TOB1 deficiency.
In summary, this study showed that TOB1 deficiency enhanced the effect of MSCs on tendon-bone healing in a rat rotator cuff repair model and demonstrated that expression of TOB1 may be regulated by miR-218. These findings offer a theoretical basis for better application of MSCs to tendon-bone healing.
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